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DETERMINATION OF INTERSECTION OF PARTICLE FLIGHT PATH 


WITH SURFACE OF HELICAL TUBULAR VOID REGION 


by M i l l a r d  L. Wohl  a n d  C a r l  D. Bogart  


Lewis Research Cen te r  


SUMMARY 

A method for  determining the intersections of a nuclear particle flight path and the 
wall of a helical tubular duct is presented. FORTRAN listings of computer subroutines 
which perform the numerical  analysis involved a r e  included. The subroutines a r e  useful 
in any Monte Carlo t ransport  analysis  where complex void configurations of helical o r  
pseudohelical geometry a r e  involved. Their immediate purpose in this work is to se rve  
as geometry subroutines to be  used in conjunction with 0543, a Monte Carlo transport  
code developed at Oak Ridge National Laboratory. 

INTRODUCTION 

In many reactor  and shield analyses which involve the t ransport  of neutrons and 
p m m a  rays ,  i t  is necessary for  high accuracy in local and emergent particle flux o r  
cur ren t  calculations to include the actual geometry of such system components as  voids 
and coolant flow passages. An example of a coolant fl.ow passage of complex geometry is 
a helical tubular duct. In performing a reactor-shield Monte Carlo transport  analysis to 
determine the effects of such complex ducting on overall  shield performance, individual 
neutron and gamma-ray his tor ies  are simulated on the digital computer. In the computa­
tion of distances between successive particle collisions, i t  must be determined whether a 
void t raversa l  occurs. If so,  the points of intersection of the particle path and void s u r ­
face must be determined, and the between-collisions path length in  the mater ia l  must be 
incremented by the in-void path length before a subsequent collision point is determined. 
It is possible to track correctly without incrementing path lengths by appropriate void-
crossing distances. However, the method employed herein allows the determination of 
in-void fluxes, while the latter method does not. 



' 2  

Figure 1. - One t u r n  of helical tube penetrating slab of finite thickness. 

Unwound helical tube 
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Figure 2. - Projections of half-turn helical duct. 
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PHYSICAL MODEL 

The physical model is shown in figure 1. A s lab of homogeneous shield mater ia l  is 
penetrated by a helical duct. When the principles of descriptive geometry (ref. 1) are 
used, projections of the helical duct may be obtained, as shown in figure 2 where 
r = R f s, s in  Q, = k/l, and 1 = Re. This  is also shown by the following equations: 

o r  

(All  symbols are defined in the appendix.) The coordinates of the projection of the center 
of the duct on a plane perpendicular to the axis of the cylinder about which the duct is 
wound (x,y-plane) are  given by 

x = R COS w z  (14 

y = R sin w z  (1b) 

where w = 2n/d and d is the helical pitch. Consider a n  unwound (inclined cylindrical) 
section of the helical tube cut by a plane normal to the axis  of the cylinder about which the 
tube is wound. The elliptical intersection of the plane and inclined cylinder is shown in 
sketch (a). 
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This  elliptical intersection is shown in an  end view in  sketch (b). 

V 

The equation of the ell ipse in  the u, v-coordinate system is 

2 2a a csc  a 

or  

(u - R)2 + v2 s in2a = a2 
(2b) 

Consider, now, winding the inclined cylinder about a n  inner cylinder, as shown in fig­
ure  2. A s  the tube is wound around the cylinder, vertical  chords CC' of the ellipse 
(sketch (b)) transform into arcs of c i rc les  of radius  r. Thus, the "winding transforma­
tion" is represented by 

u-r 

v-re 

Equation (2b) now becomes 

( r - R )  2 + r  82 2  s in2 
cy=a 

2 
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which is the equation of the t ransformed elliptical, o r  bean-shaped, intersection shown in 
sketch (c). 

/'
I 
I 
\ 
\ 
\ 

where 0 is the angular displacement of points on the periphery of the lTbeanl'f rom the 
semiminer axis of the unwrapped ellipse. Equation (4)descr ibes  the intersection of the 
helical duct surface with the x,  y-plane. The shape of the intersection with any plane of 
constant z is invariant, and its position on an arbi tary plane is determined by a n  angu­
lar displacement of wz.  Equation (4)may thus be  generalized for  a n  a rb i t ra ry  plane of 
constant z as follows: 

(r - R)2 + R2 s in2a(O - oz)2 = a2 

Next, the intersection of the particle t rack and the helical duct must be  considered. 
The equation of the straight line specifying the particle t rack may be written in para­
met r ic  form as follows (ref. 2): 

x = x 1+ (x2 - X l ) t  

z =  z 1+ (z2 - Z l ) t  

where 0 5 t 5 1. The start ing point of a particle t rack is at xl,  yl, z1 and the te rmi­
nation point is at x2, y2, z2. For  simplicity of notation, let 
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AY = Y2 - Y1 

A z =  z2 - z1 

The transformation equations f rom x, y to r, 8 coordinates a r e  

2 2 2r = x  + y  

e = tan-'(:) 

Substituting equations (6) modified by equations (7) into equations (8) yields 

r2 = (x l+t  Ax)2 + ( y l + t  Ay)2 

Substitution of equations (9) into equation (5) yields 

The intersections of the helical tubular surface and the straight-line particle track a r e  
determined by solving equation (10) f o r  those values of t which satisfy 0 5 t i 1. 

NUMER ICA L ANA LYS IS 

Before directly attempting to solve equation ( lo) ,  certain special  cases  may be  elimi­
nated. Consider the cases  i l lustrated in  sketches (a), (b), and (c), where P and P' are 
the projections of initial and final collision points defining a particle t rack on a plane nor­
ma l  to  the axis of the cylindrical shell  containing the duct. 
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The annular region shown in sketches (d) to (f) is the projection of the cylindrical 
shell  containing the helical duct on a plane normal to the ax is  of the shell. In all three 
cases,  no intersection of the particle t rack and the helical duct can occur. 

The equation of the outer c i rc le  of these annular projections is 

and the equation of the inner c i rc le  is 

When the values given in equations (6) and (7) a r e  substituted into equation (lla), the in­
tersection of the projected particle track and the la rger  c i rc le  is given by 

b l + t  Ax)2 + ( y l + t A y )2 = (R + a)2 
(12a) 

Performing the operations indicated in equation (12a) yields 

Let 

A =  (AX)2 + (Ay)2 

B = 2(x1 AX + y1 Ay) 

C = x12 + y12 - (R + a)2 
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The discriminant of equation (12b) is thus given as 

D = B 2 - 4 A C  

If D I0, the situation is as depicted in sketch (a). For D 5 0, consider 

tl = 
-0. 5(B + D 1/2) 

A 

and 

t, = 
-0. 5(B - D 1/2) 

. 
L A 

Let 

tup= MIN( 1,t2) 

If tlow t
UP’ 

the situation is that of sketch (b). Let 

f ( t )  = At + Bt + X; + y; - (R - a)2]
2 [ 

(The quantity in brackets  is the equation of the inner circle. ) Lf f(tlow) i 0 and 
f ( t  ) 4 0, the situation is as depicted in sketch (e).

U P  
Consider the solution of equation (10). If the particle path length in  the mater ia l  is 

such that it would normally have its path terminated within the helical void, the upper 
value of t must be reset .  Define g(t) as 
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If g(tUp) -= 0, se t  tup = t2. The limiting solutions of equation (10) o r ,  alternatively, 
equation (18) for  g(t) = 0 are tlow and tUP’ 

It  is necessary to determine the relative orientations of the flight path and helical 
void to see whether intersection actually occurs.  For  the values of tlow and tUP’ there  
are corresponding values of z (eq. (6c)). F rom x(t

up.), x(tlow), y(tUP), and y(tlow), two 
angles may be computed to determine whether the particle flight path penetrates the void. 
Consider the following projection of flight path and void-containing shel l  in the x, y-plane: 

Y 

where x l , y l  and x2 ,y2  a r e  the coordinates of the points of intersection of the projected 
flight path and outer radius of the shell  projection. Let 

1 y 1 +  $ow Ay
@1=tan- (

x1 + 5ow 
Ax) 

1 y1 + tup Ay 
0 2 =  tan- (xl + tF) 

The angles a1 and a2 correspond to values of wz or  to different z-coordinates of the 
intersection point of the path and void. Values of the z-coordinate in a certain specified 
range of z-values (i.e . ,  z(tlow) + z(tup)) correspond to real intersections and necessitate 
the solution of equation (10); others  do not correspond to r e a l  intersections. 

1The following values of z must  be tested for  a helical tube of 15turns: 

QI1 a 
w=1=-+ R sin CY 
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Q1 a 
z 2 = - ­w R sin Q 

z3 = z1 + 27r 

z4 = z2 + 2n 

@2 a 
z 5 = - +w R s in  Q 

z9 = z1 - 27r (201) 

I t  is not necessary to test the z-values which are not in the range 0 5 z Id to see if 
they lie between z(tlow) and z(t

UP). 

SEQUENCING OF COMPUTER PROGRAMS AND SUBROUTINES 

When, in the sequence of computing in the controlling program (such as 05-R), a 
collision is about to occur, the effect of the presence of the helical duct must be deter­
mined. The controlling program must have a geometry subroutine, GEOM, which im­
plements the mathematics discussed herein. GEOM cal ls  fo r  subroutine TRSOL, which 
determines the roots  (values of t) of equation (18). (This equation is equivalent to equa­
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tion ( lo) . )  TRSOL calls f o r  subroutine ITER, which refines these roots. When the colli­
sion point has been determined, re turn is executed through TRSOL and GEOM to the main 
program. Function subprograms DES and GOFT, respectively, generate D of equa­
tion (14) and g(t) of equation (18). LOOKZ is a utility function subprogram required by 
05-R, the main program. Figures  3 and 4 represent  the logical flow of the subroutines. 
(All symbols a r e  defined in tile appendix.) 

Main 
(05-R) 


1 


Figure 3. - Fortran programs i rs~din 05-R code. 
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t COMMON VARIABLE 

Ibi S u b r o u t i n e  TRSOL ITLOW. TUP, TR. NRI 

IC)S u b r o u t i n e  ITER ITMI, TMA. 1. XKI. 

ARG -0  	 ARG -1OOMEGAlDZI MODlTPlEll  
CO - c o s  IARGI  

PV - - [ I D X l S I l t  [COYICO] 

Id1 F u n c t i o n  GonIn. 
-1 
Write: PX, 
PY. a n d  zero 

le1 F u n c t i o n  DESITI. 

F igure  4. - Conc luded 
CL 
W 



FORTRAN I V  L is t ings  of Computer  Subprograms 

$ I B F T C  G E O M A A  K E F r D U 7 F U L I S T 7 N O D E C K  
S U B K O U T I  NE G E U M  

D A T A  T ? I E /  6 .2531853 /  


D A T A  I N D A T /  O /  


COII'IHON/ GEOPIC / IYARK 7 XTWO r YTh'O r ZTLIO 9 XUI\IE r YOi \ lEr  


12 ClN E 9 N ME L l  7 Nri E G 7 E T A 7 E T A U S  0 r BL Z (1 N 

COMI.IOI\I/ C A R L  / C A P R I  S M A r  S k i 0 9  X 1 . r  Y l r  Z I T  I l t L X t  

l O E L Y  r D E L 7  r f l M E G A 7  S I r l B t A t  B 7  C t D A  

D I MENS I I I N  X ( 2 r Y ( 7 1 t Z ( 2 ) 7 T K  ( 10 ) 

E X T E R N A L  D E S  


E X T E R N A L  G O F T  


F Z I T ( D D D r E E E v F F F ) = E E E + F F F + D D D  


S I G N  T ( GGG t HHH 7 P P P ) = ( GGG-I' P P ) + ( HHH- I' P P ) 


X l = X O N E  


Y 1=Y 011E 


Z 1=ZONE 


E T A U S D = E T A  


I F ( I N D A T . N E - 0 )  GO T O  4 


7 1 K E A  D ( 5 r 7 0 0  1 CD.PR 7 S MA r SM D t X Z r Y Z t Z Z t Z L  Ob! E K r Z IJP P E k 

2 00 F O K  M A T ( 8 F 1 0 5 ) 

I N D A T = l  

K 1= C  A P K + Sill A 

K 2 =C k P K-S i4 A 


DA=-. 5:::( R 2  ) :;:%2 


I F ( S M D . E O . O . O ) G F  1 U  7 

5 0  O M E G A = T P I E / S b i D  

7 A L P H A = A T A N  (SIYlD/( TP1E:::CAPK) ) 

14 
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2 0 9  COi\JTI iUUE 

I F ( G O F T ( T U P ) )  6,212 

5 D = S Q K T  ( D )  

T 1 = - * 5 : Z ( B + O ) / A  

T 2 = - . 5 + ( B - O ) / A  

T L O W = M A X l  ( 0 . 0 1 T 1 )  

T U P Z M I N 1  ( l . l T 2 )  

I F ( T L O W . G E . T U P )  GO T O  5 3  

101 F O R M A T (  l H O t  6 E 1 2 . 3  

57 	C O N T I N U E  

c =x 1 Q Q2+y 1::: $2  -K 2 +;:; 2 

O E S P = D E S ( T U P )  

I F ( ( D E S ( T L O W ) * L E . O o ) o ~ ~ I D * ( D E S P . L E . O , ) )  G O  T O  5 3  

58  I F ( D E S P  ,LE.o.) G r l  To 2 

5 9  I F ( G O F T ( T U P ) . G E * O - )  GO T O  60 

GO TO 2 

60  T!JP=T2 

C L I M I T S  A R E  NOW T U P t T L O W  

C M U S T  NOW S O L V E  E O N  1 7  

2 C A L L  T K S O L ( T L 0 W t T U P t T R t N K )  

C NOW H A V E  A L L  T H E  R O O T S  

1 0 2  F U K M A T ( I 5 )  

I F ( N R o E O o 0 )  GO T O  5 3  

6 1  D T Z l . 0  

DO 3 J = 1 t I ' J R r 2  

3 	 D T = D T + T R ( J + l ) - T R ( J )  

X T W 0 =X 1+ I1E L X g  D T 

Y T W U=Y 1;:D E L  Y :::D T  

ZTWO=Z l + I ) E L Z * D T  

16 
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2 0 2  	M A R K = - 1  

Z = Z L O W E K  

IF(LPWU.LE.LLUWEK~ GO T l l  2 0 3  

2 0 4  Z = Z U P P E K  

2 0 3  	T = ( Z - Z l ) / D E L Z  

Z T W U = Z  

X T W O = X l + D E L X * T  

Y T W U = Y l + U E L Y * T  

X l = X l + D E L X ~ ~ ( T U P + l - E - 3 )  

Y l = Y l + D E L Y * ( T U P + l * E - 3 )  

Z l = Z l + O E L Z ~ ( T U P + l . E - 3 )  

GO TO 4 

5 3  	R E T U R N  

END 
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B I B F T C  T R S O L S  K E F T D D T F U L I S T T N O D E C K  
S U B R O U T I N E  T R S O L  ( T L U W  T T l l P r  T K t  N K  1 

C U T I L I T Y  S K  U S E D  BY B O G A K T / W O H L  V E K S I O I i  [IF O5K S K H  G E U M  ( G E U k l U A )  

D I M E N S I O N  T K (  1 0 )  

COMMON / C A K  L / C A PK t SMA 7 S ivlD t X 17 Y 1t Z 1T 0 E L X t 

1D E  L Y 7 D E L  Z T 014 E G A T SPl t3 T A 7 8 T C 9 DA 

E X T E K N A L  D E S  


E X T E R N A L  G O F T  


D T = ( T UP -T L I1W ) / 100 


N K = 1  


T M P = T U  t.' +D T 


T = T L I)W -D T 


X K = l *  


1 C O N T I N U E  

C C H E C K  I F  N E A R  C I R I G I N  

I F ( D E S ( T ) . L E . [ ) A )  G I )  TO 2 

3 I F (  ( G O F T ( T ) ~ X K ) . G T , O . O )  GCJ T O  2 

C M U S T  H A V E  P A S S E D  A ROOT 

4 T L O T = T - D T  

TlJP T = T  

C A L L  I T E K ( T L O T I T U P T T T K ( N K ) T X K )  


X K = - X K  


N K = N R + l  


2 	 T = T + U T  

1 F I T . L E . T M P )  GO T O  1 

5 	 N K Z N K - 1  

K E T I J K N  

E N D  
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B I B F T C  I T E K A  K E F T U U T F U L I S T T N O D E C K  
S U  B R O U  T I N t IT f R ( I_M19 T MA 7 T 9 X K  ) 

C U T I L I T Y  S R  U S E D  B Y  B O G A K T / W U H L  V k K S I O N  OF 0 5 K  S K #  G E O M  ( G E O M A A )  

E X T E R N A L  GOF I_ 

K O N T = O  

T M IN= T M I 

T M A X  = T M A  

C 	 M E T H O D  O F  R E G U L A  F A L S I  

Y M I N = A B S  ( G U F T ( T M I N ) )  

Y M A X = A B S  ( G O F T ( T M A X 1 )  

4 	 T = T M I N +  ( T M A X - T M I I \ I  ) * Y M  I N /  (YcMAX+YM I N  1 

K O N  T = K U N  T + 1 

I F I K O ~ A T . G T . ~ ~ )  ~ i 3r o  2 

6 A K G = G O F l  ( T  1 ::'XK 

I F ( A R S  ( A R G ) . L T . L . E - 6 )  GO T O  2 

5 I F ( A K G ) ~ T Z Y ~  

3 T M I N = T  

Y M l N = A B S  ( A K G )  

GO T O  4 

1 	 T M A X = T  

Y M A X = A B S  (AI<(;) 

GO TO 4 

2 C O t J T I N l J E  

103 	F O K M A T ( l H 0 ,  I 5 r 3 E 1 2 . 3 )  

K E T I J R N  

E N D  
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$ I B F T C  G O F T  K E F  T U U TFUL IS T  ,NODECK 
F U N C T I O N  G I l F T  ( T  1 

C U T I L I T Y  F U N C T I O N  IJSEL) B Y  H O G A K T / W O H L  V E K S I I I N  OF 0 5 K  S K +  G E O H  ( G E O K A A )  

COMMON/C A K  L /C A PI7 9 S PIA t SMD 9 X 1t Y 1t Z 1T D E L  X t 

l D E L Y  t D E L Z  ~ O M E G A TS M B t  A T  6 t C  t D A  

D A T A  T P I E  / 6 .2831853 /  

AKG=O, 

D Z = Z l + D E L Z * T  

U X = X l + D E L X ; j  T 

D Y  =Y 1+DE L Y *: T 


S(.jR=SQRT ( C X % * Z + D Y + + 2  ) 


C SMD=O I M P L  IE S OPIEG A =  I NF IN IT Y  

I F ( S M D . E L ! . O * O )  G 3  T O  1 

2 A K G Z A M O D  ( O M E G A + D Z , T P I E )  

C O = C O S  ( A K G )  

S I = S I N  ( A R G )  

p X = D X  ;rC O+ D Y  ;g S 1 

P Y = - D X 2 X S I + D Y + C 0  

IF ( ( P Y  .EO. o , o )  ,ANI:,. ( P X  .EQ. 0.0 ) ) MI -ru Y Y  

A R G = A T A N ~ ( P Y T P X )  

GO TO 1 

99  	A K G  = 0.0 

W K I T E (  6 7  5 5 5 )  

5 5 5  F O R M A T (  21H P X T  P Y ,  Z E R O  I N  G ( T )  ) 

1 G O F T =  ( S O K - C A P K )  $ *2 + ( A KG ;# CA p, $ S 14 p, ) ;:$ 2  -S $1 A:$ S 11A 

R E T U R N  

E N D  
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S I B F T C  DES K E F T D O T F U L I S T I N O D E C K  
F U N C T I O N  L ) E S ( T )  

C U T I L I T Y  F U N C T I I J N  U S E D  B Y  H O G A K T / W O H L  V E K S I O N  OF 0 5 K  S K +  GEIIM ( G E C I M A A )  

C O M M O N / C A K L /  CAPK t SMA t SMD T X 1 rY 1 7 Z 17 D E L  X y 

~ D E L Y T D E L Z ~ U M E G A I S ~ B T A T ~ ~ C ~ D A  

E N D  

B I R F T C  L O O K Z  R E F r D D r F U L I S T r N O D E C K  
S U B R O U T I N E  L O O K Z (  X t  Yr 2 ) 

C U T I L I T Y  F U N C T I O N  U S E D  B Y  B O G A K T / W O H L  V E K S I O N  O F  0 5 K  SP,+ G E O M  ( G E O M A A )  

NMEC) = 1 

N K E G  = 1 

HL z 0 TJ= 0.0 

K E T I J R N  

s u t 3 K o u - r I ~ E  J i i i . I IN( NADU ) 

C U T I L I T Y  F U N C T I O N  U S E D  B Y  B O G A K T / W O t i L  V E R S I O N  O F  0 5 R  Si(+ GEiI ivl  ( G E I l M A A )  

N A D D = O  

K E T I J R N  

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio, October 19, 1967, 
126-15-01-03-22. 
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APPENDIX - SYMBOLS 


Mathematical FORTRAN 
symbol variable 

SMA 

DES 

SMD 

GOFT 

CAPR 

r 

S 

t 

5ow TLOW 

TUP 

Ax DELX 

AY DELY 

Az DELZ 

a! ALPHA 

B 
8 

Description 

Internal radius of ducts, cm 

Discriminant of eq. (12b) 

Pitch of helical duct, cm 

g(t) 

See fig. 2 

See fig. 2 

Radius of cylinder around which in­
ternal  duct is wound, cm 

See fig. 2 

See fig. 2 

Par t ic le  t rack parameter 

Lower particle track parameter 
(inner circle) 

Upper particle t rack parameter 
(outer circle,  sketch (b)) 

Coordinates of start ing point of par ­
ticle path 

Coordinates of termination point of 
particle path 

Ax 

AY 

Az 

Pitch angle of helical duct, deg 

See fig. 2 

See fig. 2 

22 




W OMEGA 

ZLOWER 

ZUPPER 

Parameter  specifying position of in­
tersection of helical tube and 
x,y-plane 

Lower -boundary z-coordinate of 
slab of mater ia l  penetrated by 
void with axis of revolution in  
z -dir ection 

Upper -boundary z-coordinate of 
slab 
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